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Method  for  Determination  of  the  Coefficients  of  Gasodynamic  and  Heat 
Losses  in  Solid  Propellant  Rocket  Engines 

J.  Weiss,  J.  Sochacki 

A method  is  presented  for  the  experimental  determination  of  the 
coefficients  of  gasodynamic  loss  connected  with  gas  flow  through  a nozzle 
and  of  heat  losses  occurring  during  combustion  of  the  propellant  charge. 

The  dependences  describing  the  heat  and  gasodynamic  processes 
flowing  through  solid  propellant  rocket  engines  are  usually  established  for 
an  ideal  system.  In  practice  when  establishing  rocket  characteristics  it  is 
necessary  to  consider  the  following  properties  of  a real  working  process. 

The  absence  of  parallel  gas  fluxes  flowing  through 
the  nozzle.  This  factor  is  usually  negligible  when  introducing  a formul: 
for  propulsive  force.  In  actuality  in  the  divergent  part  of  the  nozzle  the 
gas  flux  takes  on  a conic  shape  and  then  only  the  inner  portion  of  the  flux 
shifts  in  parallel  to  the  axis  of  the  nozzle,  however,  the  remaining  one  is 
deflected  at  a certain  angle  with  respect  to  the  axis.  This  leads  to  a decrease 
in  propulsive  force. 
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The  existence  of  friction  between  the  gas  and  the 


walls  of  the  combustion  chamber  and  the  nozzle  as  well 
as  the  heterogeneous  distribution  of  gas  parameters  in  a 
cross-section  of  the  flux.  These  phenomena  are  conditioned  by  the 
qualities  of  actual  gas  and  engine  construction.  They  also  cause  a decrease 
in  propulsive  force. 

Decrease  in  the  passage  section  of  the  nozzle 
caused  by  the  emergence  of  the  flux  boundary  layer.  A 
decrease  in  the  jet's  critical  area  causes  a change  in  the  second  output  of 
gas,  however  an  decrease  in  the  exhaust  area  influences  a decrease  of  the 
degree  of  gas  expansion  and  likewise  lowers  the  value  of  rocket  propulsion. 

Heat  losses  occurring  during  fuel  combustion.  As 
a result  of  heat  transmission  through  hot  gases  to  the  walls  of  the  combustion 
chamber  energetic  losses  occur.  For  that  reason  th>  actual  running  deter- 
mined by  the  propellant  force  /o  raRT0  is  less  compared  with  that  determined 
by  way  of  theoretical  calculations.  Heat  losses  have  an  uneven  pattern.  . At 
the  beginning  of  the  engine  run  they  have  the  greatest  value  but  decrease 
within  the  limits  of  the  combustion  charge. 

Pressure  drop  along  the  combustion  chamber.  The 
value  of  the  pressure  drop  depends  chiefly  on  the  relation  between  the  critical 
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jet  area  and  the  chamber  passage  area  and  several  structural  qualities  of 
the  engine.  In  the  chamber  the  appearance  of  local  obstacles,  e.  g.  , a 
grate,  influences  the  pressure  drop  to  a considerable  degree.  The  pressure 
drop  should  also  be  considered  when  calculating  the  force  oi  propulsion. 


In  the  theory  of  solid  propellant  roc  ket  engines  the  above  factors 
are  taken  into  consideration  with  the  aid  of  correction  factors  introduced 
to  corresponding  conditions  describing  gas  exhaust.  Hy  using  coefficients 
of  gasodynamic  and  heat  losses  conformity  of  the  results  of  theoretical  cal- 
culations with  the  experimental  data  is  achieved. 

Gasodynamic  losses  are  determined  with  the  help  of  the  coefficients 
of  losses  of  gas  flux  velocity  (pv  and  the  unevenness  of  real  output  ^2- 

According  to  the  data  in  the  literature,  for  typical  engines,  the 
values  of  these  coefficients  are  formed  within  rather  broad  limits. 

(p  = 0.9-0.97;  ae  0.85-0.  98 

When  considering  heat  losses  in  practical  caluclations  the  most  often  used  is 
the  empirical  dependence 

1 +* 

where  a and  b are  the  constants  depending  on  the  type  of  charge 
W is  the  relative  part  of  the  burned  propellant 
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For  example  for  engines  without  thermally  insulated  walls,  with  a tubular 
charge  having  flank  combustion  and  relatively  short  running  periods  on  the 
average  xsO.  9 is  accepted. 

Noting  the  rather  wide  scope  of  changes  in  these  quantities,  the 
elaboration  of  a general  method  of  experimaital  evaluation  of  correction 
factors  for  a specific  type  of  engine  is  effective. 

In  consideration  of  the  fact  that  the  values  of  those  factors  are  rath- 
er difficult  to  determine  with  the  help  of  direct  experiments,  in  WAT  a 
relatively  simple  method  is  used  to  determine  divergent  values  on  the  basis 
of  a suitable  elaboration  of  oscillograph  records  of  the  run  of  propulsive 
force  H ( t)  and  of  pressure  in  the  combustion  chamber  p ( t ) obtained  when 
the  engine  is  running. 

To  evaluate  these  factors,  besides  empirical  curves  of  the  force  and 
pressure  suitable  theoretical  dependences  were  used.  The  concern  here 
alxive  all  is  for  patterns  for  propulsive  force  R and  unit  impulse  Jj* 
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where:  4-  --  diminished  force  of  prepellant 

p --  pressure  in  combustion  chamber 
p2  --  external  pressure 
g --  acceleration  of  gravity 

£a  __  coefficient  of  nozzle  divergence  of  supersonic  element 

Xa  --  relation  of  exhaust  pressure  pa  to  pressure  in  combustion 
chamber 

k0  --  size  depending  on  the  exponent  of  the  adiabat  k 
Fw(k,4a)  --  function  of  the  coefficient  L and  exponent  of  the  adiabat  k 

(p  ^ --  coefficient  of  loss  in  velocity  in  nozzle  flux 

(p 2 --  coefficient  of  losses  in  gas  output  in  the  nozzle 

X --  coefficient  of  heat  losses 

On  the  basis  of  dependences  (1)  and  (2)  only  2 out  of  3 quantities  interesting  us 
can  be  determined. 


From  the  analysis  of  basic  dependences  in  the  theory  of  solid  pro- 


pellant rocket  engines 

--  the  equation  for  the  velocity  of  gas  exhaust 

--  the  expression  for  gas  output 


y xfo  \ x ^ fo 


(3) 


(4) 
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The  product  y.,  can  be  determined  from  pattern  (1)  if  it  is  dis- 
posed of  by  oscillograph  records  of  pressure  ami  force  obtained  at  the  same 
time  during  combustion  of  the  propellant  in  the  examined  engine.  However, 
the  product  can  be  determined  from  dp  dependence  (2),  in  which 

ttie  unit  impulse  will  be  defined  from  area  measurements  of  curve  K ( t) 
for  the  burned  mass  of  charge  . A change  in  the  character  of  gas  flow 
during  engine  run  to  a small  degree  affects  the  value  of  divergent  products, 
however,  from  a practical  point  of  view  it  is  useful  to  determine  the  average 
value  of  the  product  <f\  • f.->  in  the  whole  time  interval  of  the  engine  run  from 


0 to  r 


Then  according  to  transformation  (1)  wo  got 


f«(r)dr  t3 

X 

o x —22—1-1— - V 

k0Fw(k,Z.) 

i,  <<  “ 

Fmi.  f 1 />(t)Jt 

L 6 o 

Conducting  analogical  divergences  in  support  of  dependence  (2) 

we  obtain  an  expression  for  the  product  in  the  form  of 

_ *0  J'  (9) 

*0  4J-V.  ilX.T,  

’ 0 

Solving  the  system  of  equations  (8)  and  (9)  with  regard  to  the  un-  / 

knowns  Cf  x f2  and  \ /x~ the  sought  after  values  of  the  products  can  be 
determined.  Of  course  the  value  of  parameters  k0,  U-  Pw  (fa’  k)-  V 
F in,  g,  /0,  for  given  conditions  of  investigations  are  known,  however  the 
remaining  quantities  can  be  determined  from  the  proper  oscillograph  records. 

In  several  instances  it  is  necessary  to  know  not  the  products  but  the 
individual  coefficients.  Then  the  method  given  above  for  determining  coeffi- 
cients of  gasodynamic  and  heat  losses  in  the  form  of  corresponding  products 
is  not  suitable. 

| 

Keeping  in  mind  the  limited  character  of  the  method  discussed  a 
procedure  is  presented  below  which  makes  it  possible  to  establish  each  of 
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tho  divergent  quantities  /i . ? > and 


The  tests  eondueted  showed  that  the  product  determined  for 

a definite  pressure  range  is  conditioned  mainly  by  the  shape  of  the  nozzle. 
On  the  other  hand  the  value  of  the  product  *f\ "fx  depends  to  a large  extent  on 
the  type  of  charge  and  the  manner  of  its  combustion  in  the  engine  chamber. 


Heat  losses  can  he  limited  by  combustion  of  the  charge  solely  on  the 
surface  of  its  duet  in  a chamber  having  walls  covered  with  a layer  of  thermal 
insulation.  In  this  ease  the  value  of  losses  will  be  practical- -negligible , and 
it  can  be  accepted  that  the  coefficient  of  heat  losses  is  close  to  the  unit 


This  makes  it  possible  to  determine  the  value  of  the  coefficient  f ^ 
from  expression  (9)  and  then  from  expression  (8). 

In  many  instances  of  combustion  of  propellant  charges  having 
various  shapes  and  sizes  there  exists  a need  to  define  the  value  of  the  coeffi- 
cient of  heat  losses  in  the  time  function  of  the  engine  run. 

Knowledge  of  heat  losses  and  hence  of  the  changes  in  the  coefficient 
of  losses  \ ( i ) is  necessary  among  other  things  when  solving  the  basic  prob- 
lem of  ballistics  of  the  internal  srps. 

8 


To  determine  the  coefficient  of  heat  losses  * a method  cab  be  used 


based  on  use  of  the  equation  of  gas  flux  and  oscillograph  records  p (T  ) 
obtained  by  using  a measuring  device  making  it  possible  to  interrupt  com- 
bustion of  the  charge  in  an  arbitrary  moment. 


The  pattern  for  second  output  of  gases  can  be  written  in  the  form 


d<u  <p:k0Fml„r 


Integrating  (10)  within  limits  of  fromt  -O  to  t - x,  after  conformal 
transformations  we  obtain  the  dependence  for  evaluating  the  coefficient  of 
heat  losses  occurring  in  the  chamber  to  the  moment  of  extinguishing  the 


charge  x ^ 


J ftyss-Y  (jWjdTf 

' l Jo  «*|  0 


where  --  impulse  of  force  of  powder  gases  conforming 

0 

to  the  moment  when  combustion  is  interrupted 
--  diminished  propellant  force 

^2  --  value  of  the  coefficient  of  losses  of  expenditure 

defined  for  a given  nozzle  when  x =1,  i.  e.  , 
when  heat  losses  are  negligible 
--  weight  of  burned  charge  to  the  x . moment 
defined  as  the  difference  of  the  weights  of  the 

beginning  u>  and  remaining  after  being  exting- 
uished. 


Executing  a series  of  interrupted  combustions  in  the  whole  running 
interval  of  the  engine  (0,  T0),  we  can  determine  the  values  of  the  coeffi- 

cient of  heat  losses  X ■ conforming  to  this  moment.  After  executing  the 
diagram  X =-/(  and  approximation  of  the  obtained  curve  by  conforming 
analytical  dependence  we  get  the  expression  x (T  ) relatively  x (t  ) conform- 
ing to  the  given  conditions  of  the  charge  and  engine  construction. 

This  expression  can  be  used  in  the  ballistic  design  of  srps  of  a simi- 
lar type. 


The  average  value  of  the  coefficient  of  heat  losses  X^r  for  the  entire 
running  period  of  the  engine  can  be  determined  fo  from  the  pattern: 


where 

cham  ber 


te 

/p«> 


\ \ f0U)  I \ 


(12) 


total  impulse  of  gas  pressure  in  the  combustion 


On  the  basis  of  preliminary  tests  conducted  it  can  be  proven  that  the 
method  used  not  only  enables  the  determination  of  the  values  of  individual 
coefficients  of  gasodynamic  and  heat  losses  but  also  the  establishment  of 
optimal  shape  and  sizes  of  the  nozzle.  Moreover,  the  method  makes  it  poss- 
ible to  investigate  the  effect  on  the  heat  losses  of  various  parameters  01 
charging  when  using  chambers  whose  walls  are  in  this  or  another  manner 
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shielded  from  the  reaction  of  the  flame  and  also  for  chambers  with  walls 
free  of  thermal  insulation. 


Conducting  the  above  investigations  in  support  of  the  method  dis- 
cussed can  contribute  to  the  elaboration  of  the  most  effective  method  of 
decreasing  heat  losses  for  conforming  shapes  of  propellant  charges  when 
using  various  materials  and  thicknesses  of  the  thermal  insulation  layer  for 
combustion  chambers  of  solid  propellant  rocket  engines. 

Paper  published  in  November,  197  4 
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